Abstract Engineered titanium dioxide nanoparticles (TiO 2 NPs) are extensively used in cosmetic, pharmaceutical and other industries globally due to their unique properties, which has raised concern for biosafety. Genotoxicity assessment is an important part of biosafety evaluation; we report in vitro cytogenetic assays for NPs considering their unique physicochemical characteristics to fill the gap of laboratory data regarding biological safety along with mechanistic study for mode of interaction of NP with genetic material. Comet and chromosome aberration assay (CA assay) using short-term human peripheral blood cultures following exposure to TiO 2 NPs; along with physicochemical parameters for stability of nano form in cultures; and DNA binding activity were carried out. The dynamic light scattering and zeta potential measurements revealed mono dispersion in media. The fluorescence spectroscopy for binding affinity of TiO 2 NPs and human genomic DNA showed binding constant (K b ), 4.158 9 10 6 M -1
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indicating strong binding affinity and negative DG 0 value suggesting spontaneous DNA binding supporting its genotoxic potential. Following in vitro exposure to TiO 2 NPs for 24 h, the cultures were analyzed for comet and CA assays, which showed significant results (p \ 0.05) for % DNA intensity in tail, Olive Tail Moment and frequency of Chromosomal aberrations (CA) at 75 and 125 lM but not at 25 lM.
Introduction
Recent developments in the field of nanotechnology have raised concern over impact on human health and environment. The small size of NPs (defined as having at least one dimension \100 nm) renders unique properties making them preferred in industrial and commercial usage. However, the same properties that contribute to their wide applications are also responsible for their toxicity. As size reduces, there is an increase in surface area to volume ratio, which leads to an increase in chemical and biological activity. Since human population is highly exposed to NPs, study of their potential health hazards becomes extremely important. The term nanotoxicology coined by Donaldson et al., established a new category to address the gaps in knowledge and issues specific for NPs (Donaldson et al. 2004) . Engineered TiO 2 NPs are one of the highest manufactured and most widely used nanomaterials globally. The global production of TiO 2 NPs was around 2000 tons, worth $70 million in 2005, which increased to 5000 tons in 2010, and the trend is expected to continue (US EPA 2009; Landsiedel et al. 2010) . TiO 2 is widely used as a pigment due to its high refractive index and excellent light scattering properties, making it useful in applications that require white opacity and brightness, while TiO 2 in their nano form provide UV attenuation and transparency by reducing the scattering of visible light. Around 70% of TiO 2 is used as pigments in paints and the rest in food, plastic, enamels and paper industry. It is also used in sunscreens, cosmetics, as a food and pharmaceutical additive, in dental pastes and in oral capsules. A recent study reported that food grade TiO 2 (E171) consists of approximately 36% particles being less than 100 nm in at least one dimension (Weir et al. 2012) . Thus increased production, has led to concern regarding the exposure of TiO 2 NPs. The environmental or occupational exposure of TiO 2 , regardless of exposure route, was considered to be harmless as it is a biologically inert compound (Ophus et al. 1979; Lindenschmidt et al. 1990) . Despite several studies conducted to address the safety concerns of TiO 2 , our understanding of biological effects and potential risks of the widely present nano form of TiO 2 has not kept pace with the rapid increase in (intended and unintended) exposure of human and environment to NPs. Genotoxicity is the capability of a chemical to alter the genetic material of the cell, and is one of the earliest effects of most carcinogens (Xie et al. 2011) . In vitro assays of genotoxicity measure different types of genetic damage (e.g., Structural Chromosomal breakage and DNA strand breakage) induced by a test compound. Capacity to induce genetic damage is important for a potential carcinogen and thus is essential for cancer risk assessment. In addition to somatic cells, the genetic damage in the germ cells can lead to genetic disease or reproductive toxicity, influencing the next generation. Identifying various modes of DNA interaction will help optimize the choices of test conditions and easier extrapolation of genotoxicity test results to human risks (Landsiedel et al. 2009 ). TiO 2 NPs induced genotoxicity can be of two kinds; primary genotoxicity which is in the absence of inflammation, and secondary genotoxicity which is due to the generation of reactive oxygen Species (ROS) during inflammation, and its reaction with DNA. The primary genotoxicity can be of two types: direct primary genotoxicity, in which the NPs enter the nucleus, interact with the DNA and disturb the replication by inhibiting it. Indirect primary genotoxicity includes effect of ROS generated by cell components, interaction of NPs with nuclear proteins, inhibition of antioxidant defense, disturbance of cell cycle check points or due to the toxic ions released from soluble or poorly soluble NPs (Li and Zhao 2013; Golbamaki et al. 2015; Petersen and Nelson 2010; Park et al. 2011; Auffan et al. 2009; De Marzi et al. 2013; Wang et al. 2012; Barnes et al. 2008; Vevers and Jha 2008; Sharma et al. 2012; AshaRani et al. 2009; Merhi et al. 2012; Ong et al. 2014) . With wide spread human exposure, NPs can enter into the body via respiratory, oral, or dermal routes; and cause DNA damage in direct and indirect ways. Entry of TiO 2 NPs into the nucleus can occur during mitosis when the nuclear membrane disappears. Here it can interact directly and cause damage to DNA (Fröhlich 2012; Magdolenova et al. 2012 characterization, definition, level of permitted usage, and most importantly labeling of product and thereby notifying the consumer regarding the presence of NPs in the product. Physicochemical properties such as shape, surface area, surface charge, surface chemistry, chemical composition, agglomeration, size, and crystal structure influence the toxicity of NPs, therefore characterization needs to be carried out. Agglomeration of NPs in culture media is of important concern when size as well as duration and dose dependent toxicity of NPs is the focus of study. The state of dispersion depends on the extent to which NPs are agglomerated in the media, hence, characterization of NPs in relevant media is important for assessment of toxicity (Powers et al. 2007 ). Human peripheral blood lymphocytes are used routinely as highly sensitive indicator for in vitro and in vivo induced structural chromosomal aberrations (OECD 2014). However, there are very few reports involving human lymphocytes to assess the genotoxic effect of TiO 2 NPs; majority are with comet assay, and only one includes chromosome aberration assay (Khan et al. 2015; Ghosh et al. 2010 Ghosh et al. , 2013 Tavares et al. 2014; Catalán et al. 2012; Hackenberg et al. 2011; Gopalan et al. 2009; Turkez 2011; Kang et al. 2008) . To assess possible clastogenicity we carried out both: Chromosomal aberration assay and Comet assay following treatment of human lymphocytes with TiO 2 NPs at 25, 75 and 125 lM in vitro. To the best of our knowledge, we report here the first study including both, Chromosome aberration and Comet assays at low dose exposure for 24 h. Keeping in mind the widespread use of TiO 2 NPs and insufficient information regarding its genotoxicity, we have also attempted mechanistic analysis by studying its binding affinity with DNA using fluorescence titration method. The extent of dispersion and stability of TiO 2 NPs in water and RPMI-1640 cell culture media was assessed by Dynamic Light Scattering and Zeta Potential measurements; the results of which supported our previous study where dispersion of NPs was found to be better in media than water (Patel et al. 2016) . Since, research in the field of in vitro TiO 2 NPs toxicity with proper characterization and effect of low dose exposure in terms of genotoxicity and carcinogenicity is important, we report the DNA damaging potential of TiO 2 NPs in their 'nano' mono-dispersed form in human lymphocyte cultures at 25, 75 and 125 lM when exposed for 24 h by Chromosome aberration assay and Comet assay. Ourresults showed a dose dependent increase in frequency of chromosomal breakage and DNA damage by in vitro chromosomal aberration and comet assays, respectively, after 24 h of exposure.
Materials and methods

Chemicals/materials
TiO 2 NPs were procured from Sigma Aldrich (Cat. no. 634662) (Bangalore, India) which had a primary diameter of less than 100 nm. Methanol and glacial acetic acid of analytical grade were procured from Merck (Mumbai, India). Complete growth medium; RPMI-1640 HiKaryoXL TM -AL165A; low melting point agarose, agarose, sodium chloride, sodium EDTA, Trizma base, 1% Triton X-100, DMSO, EDTA and Ethidium bromide, were purchased from Himedia (Mumbai, India). Human genomic DNA was isolated from normal WBCs of peripheral blood as per manufacturer's protocol Qiagen's kit (Cat. no. 51104) (New Delhi, India).
Methods
Nanoparticle characterization
X-ray diffraction pattern of TiO 2 NPs was recorded using an X-ray diffractometer using Cu Ka radiation of wavelength k = 0.1541 nm in the scan range 2h = 20-80°. TiO 2 NPs were suspended in deionized water (Milli-Q) to get a 5 mM stock solution and dispersed by sonication for 10 min. The optical absorption spectrum of TiO 2 was recorded using UV-Vis spectrophotometer by Agilent Technologies Cary 60, from 200 to 800 nm. The hydrodynamic particle size, polydispersity index (PDI) and Zeta potential was measured with a Zetasizer (Nano ZS, Malvern Instruments Ltd., Malvern, UK), in water and RPMI cell culture medium. The refraction index used for the dispersant medium was 1.33 (Malvern Instruments Ltd. 2013; ).
Study of extent of DNA binding by fluorescence measurements
Binding of TiO 2 NPs to human DNA was studied using extrinsic fluorescence quench titration method. Fluorescence measurements were performed on a Cary Eclipse fluorescence Spectrophotometer (Agilent Technologies, Richardson, TX, USA) equipped with thermostated cell holder for temperature control. 1 cm path length fluorescence cuvette was used for experiments and all fluorescence measurements were recorded at 25°C. Ethidium bromide (EtBr) was used as fluorescence stain. Intercalation of EtBr between the base pairs of DNA leads to significant increase in fluorescence. 2 mL sample of human DNA in 1X phosphate buffer saline (PBS) (pH 7.4) containing 5 lM EtBr was titrated with different concentrations of TiO 2 NPs. The mixture was kept for 2-3 min before each measurement. Excitation slit and emission slit were set as 5 nm and the averaging time was 0.1 s. Fluorescence emission spectra were recorded in the range 500-720 nm at the excitation wavelength of 471 nm. The fluorescence quenching data were analyzed according to the Stern-Volmer equation.
where F 0 and F are the fluorescence intensities in the absence and presence of different concentrations of TiO 2 nanoparticles, respectively. K SV is the SternVolmer quenching constant, which was obtained from the slope of the plots F 0 /F versus [TiO 2 ] (Rahban et al. 2010 ).
Determination of binding constant and number of binding sites
The binding constant K b and number of binding sites (n) for binding of TiO 2 NPs to DNA were determined using the modified Stern-Volmer Eq. ).
Human peripheral blood lymphocyte culture for chromosome aberration assay
Human peripheral blood lymphocyte from the whole blood of healthy volunteers was used as a test system in this study after approval of the institutional ethical committee. The blood donor was selected after informed consent and taking detailed history to ensure healthy status and past excluding exposure to drug, radiation, and infection etc., known confounding factors. The protocol was as per the OECD guideline (OECD 2014). The heparinized blood (1.0 ml) was cultured in 10 ml of RPMI-1640 culture medium by incubation at 37°C for 72 h. At the 48th hour, cultures were exposed to 25, 75 and 125 lM TiO 2 NPs, and Mitomycin-C (positive control). Colchicine (0.3 mg/ ml) was added at 70th hour and cells were harvested at the 72th hour by hypotonic treatment (0.5% KCl, 20 min) and fixed with Carnoy's fixative 3:1 (methanol: acetic acid) with multiple changes till clear pellet was obtained. Slides were prepared by air-dry method and stained with 4% Giemsa for 6-8 min in Sorensen buffer (pH 7.0). Slides were coded before microscopic analysis and 200 metaphases were scored per experiment (100 cells/replicate culture). The scoring criteria for CA was as described by Savage (1999) 
Comet assay
The alkaline single cell gel electrophoresis or Comet assay was performed using the standard protocol with slight modifications using whole blood culture (Singh et al. 1988 ; http://www.cometassayindia.org/protocol% 20for%20comet%20assay.pdf) Heparinized human peripheral blood (1.0 ml) was cultured in 10 ml of RPMI-1640 culture medium, and incubated at 37°C for 48 h. Cultures were exposed to 25, 75 and 125 lM TiO 2 NPs along with MMC as a positive control for 24 h before performing the Comet assay on harvested cells. To visualize and quantify DNA damage, 409 magnification was used in a fluorescence microscope connected to a CCD camera and an image analysis system (Tritek Comet score 1.5.2.6 software, Sumerduck, VA, USA ). 50 randomly selected cells were analyzed per sample. The parameters used to evaluate DNA damage were percentage of DNA in the tail and Olive Tail Moment. Statistical analysis was done using Graph Pad Prism software Version 6.0 (Graph Pad Inc.). The statistical significance for all experiments was analyzed by oneway ANOVA to assess if there is significant difference in DNA damage between the control and treated cultures. Results were considered to be significant if the p value was \ 0.05.
Results
TiO 2 NPs characterization X-ray diffraction analysis depicted mixture of anatase and rutile in our TiO 2 NP as can be seen by the peaks specific to both types of nanoparticles (Fig. 1) . Since there is definite line broadening of the XRD peaks, we confirm that the material consists of particles in nano range. We determined peak intensity and full-width at half-maximum (FWHM (Mao et al. 2015) .
where, k is wavelength of X-ray (0.1540 nm), b is FWHM (full width at half maximum), h is diffraction angle, and D is particle diameter size. Dispersion and stability studies of TiO 2 NPs in water and RPMI-1640 culture media were performed by Dynamic Light scattering and Zeta Potential analysis. Particle size distribution by number revealed that hydrodynamic diameter of TiO 2 NPs was in a higher range (255-650 nm) as compared to in medium (4-350 nm), as shown in Fig. 2 . RPMI-1640 culture medium is a complex and a complete growth medium containing Fetal Bovine Serum (FBS). Earlier reports have explained the role of FBS as a dispersing agent contributing to the stability of cell culture medium (Ji et al. 2010; Allouni et al. 2009 ). In addition to size the decrease of Poly dispersity index (PdI) in RPMI medium (0.6-0.9), in comparison to TiO 2 NPs in water (1.0) showed that the size distribution of nanoparticles became narrower in presence of the proteins in RPMI medium. Zeta potential of the TiO 2 NPs (25, 75, and 125 lM) was in the range of -7.0 to 8.0 mV in RPMI-1640 medium, indicating the surface of TiO 2 is negatively charged in culture medium, whereas the range was lower in water (-8 to -10.0 mV) ( Table 2 ). This may also be due to absorption of proteins on the NP surface. Our results thereby showed, mixing TiO 2 NPs in RPMI medium enhanced its dispersion, as proteins get adsorbed on their surface reducing the hydrodynamic diameter.
DNA binding by fluorescence measurements (quenching study)
Fluorescence titration method is most commonly used to study molecular interactions between metal ions and DNA. EtBr fluorescence increases when it goes from a polar to a nonpolar environment because of the decrease in the intersystem crossing lifetimes. The planar phenenthridine ring structure of EtBr intercalates between adjacent base pairs on DNA double helix, forming soluble complexes and thus exhibiting a substantial increase in fluorescence intensity. EtBr interacts with DNA in two ways (a) through intercalation between the planar bases of DNA, and (b) by an electrostatic interaction between the cationic EtBr and anionic phosphate groups on the surface of DNA. The electrostatic mode of binding is most apparent at low salt and high dye concentrations (Rahban et al. 2010 
where F 0 and F are the fluorescence intensities in the absence and presence of increasing concentrations of TiO 2 NPs, respectively. K SV is the Stern-Volmer quenching constant, which was obtained from the slope of the plots F 0 /F versus [TiO 2 ], as shown in Fig. 4 . The plot showed that within the preferred range of TiO 2 NPs concentration, the results exhibited a good agreement (R 2 = 0.9928) with the linear Stern- Volmer equation. For TiO 2 NPs, the Ksv value is 7.688 9 10 2 M -1 at 25°C suggesting good binding affinity to DNA. The rate constant of the quenching process (K q ) can be calculated by the equation
where K SV is the Stern-Volmer quenching constant and s 0 is the average lifetime of DNA, 10 À8 s (Shahabadi et al. 2012) . Therefore, the quenching constant (K q ) for TiO 2 is 7.688 9 10 10 M À1 s À1 . The results revealed that the value of K q was greater than the maximum collision quenching constant of biomolecules (2 9 10 10 M -1 s -1 ), which indicated that the fluorescence quenching of TiO 2 was initiated by complex formation between DNA and TiO 2 NPs (Ranjbar et al. 2013 ).
Determination of binding constant and binding stoichiometry
The binding parameters, association or binding constant (K b ) and binding stoichiometry (n) were calculated using modified Stern-Volmer equation: equals to n and the intercept on Y-axis equals to log K b . The value of binding constant shows the binding affinity between TiO 2 NPs and DNA double helix. The higher the K b value is, the stronger is the interaction. The value of association constant (K b ) was 4.158 9 10 6 M -1 (R 2 = 0.9981) which represents strong binding affinity of TiO 2 NPs for DNA. Binding stoichiometry (n) is 1.322 suggesting the ratio of TiO 2 NPs to DNA double helix in the complex. The association constant (K b ) thus determined was used to calculate the standard free energy change DG 0 for the binding of TiO 2 NPs to DNA using the equation where DG 0 is standard free energy change, R is gas constant = 1.98 9 10 -3 kcal mol -1 deg -10 , T is the absolute temperature (298 K) and K b is the association constant. The value of DG 0 was -8.9987 kcal/mol, suggesting spontaneous binding between TiO 2 NPs and DNA double helix.
Chromosome aberration assay Table 3 shows the frequency of chromosome aberrations in metaphase following exposure to TiO 2 NPs during in vitro short-term cultures of human peripheral blood. The in vitro exposure to TiO 2 NPs significantly increased the percentage of structural Chromosomal Aberrations (Shown in Fig. 10) . A sample of the scoring sheet for Chromosome aberration assay is shown in Fig. 11 . As compared with control, 75 and 125 lM TiO 2 NP showed significant increase in chromosomal aberrations (p \ 0.05), whereas at 25 lM concentration there was no statistically significant difference in induced frequency of CA (Fig. 6) . It is important to note that there was a dose dependent increase in the percentage of structural aberrations ( Fig. 7) after exposure to nanoparticles for 24 h and the data were found to be statistically significant (p \ 0.05).
Comet assay
The genotoxicity of TiO 2 NPs on human peripheral blood lymphocytes was evaluated using comet assay (Fig. 12) . In vitro exposure to TiO 2 NPs significantly increased DNA damage, which was quantified as Olive Tail Moment and percentage of DNA in the tail, as shown in Table 4 . As compared to control, 75, and 125 lM TiO 2 NPs showed significant increase (p \ 0.05) in percentage of DNA in the tail (% Tail DNA) and Olive Tail Moment (lm), whereas at 25 lM, data were statistically significant for % Tail DNA only, but not for % Olive Tail Moment (Figs. 8, 9 ).
Discussion
The objective of this study was to assess the genotoxicity of TiO 2 NPs in short-term peripheral blood lymphocyte culture using in vitro cytogenetic endpoints (Chromosome aberration and Comet assays). Since mono dispersion of NPs in the culture media is a prerequisite for its proper in vitro assessment of biological safety, Dynamic Light Scattering and Zeta Potential analysis was done to study the stability of nano form. The interaction of TiO 2 NPs with human genomic DNA was investigated by Fluorescence spectroscopy. Earlier studies have shown the influence of physicochemical properties of NPs on cellular response (Podila and Brown 2013) . Particle size, surface charge, agglomeration, and dispersity of NPs can have a dramatic effect on the cellular response due to altered cellular uptake, bioavailability and toxicological response (Magdolenova et al. 2014 ). Moreover; size, shape, zeta potential, surface area, length, chemical composition and surface attachments (attachment of additional proteins to the surface of NPs when suspended in cell culture medium) of NPs have known to influence their toxicity thereby emphasizing the need of characterization of the physicochemical properties (Oberdörster et al. 2005) . Dispersion of nanoparticles determines the extent of agglomeration and therefore size distribution is highly dependent on the state of dispersion of the system (Powers et al. 2007 ). Since TiO 2 NPs tend to agglomerate, dispersion study needs to be carried out to ensure bioavailability of nano form in in vitro culture (Trouiller et al. 2009 ). Due to the small size and charge, the probability of internalization of TiO 2 NPs into cells and thereby interaction with biomolecules (DNA) is very high. Damage to the genetic material is known to trigger induction or promotion of carcinogenesis; therefore an important aspect of evaluating the genotoxicity of NPs includes its DNA damaging potential (Doak et al. 2012) . Since most human carcinogens are clastogens, an increase in the chromosomal aberrations has been linked with carcinogenicity (Bonassi et al. 2008) . Assessment of in vitro genotoxicity was carried out by the Chromosome aberration assay and the single cell gel electrophoresis (comet) assay. Although TiO 2 NPs are one of the components in pharmaceuticals and cosmetic products like sunscreens with the approval of the US-FDA, the concerns regarding their toxicity still prevail (Hackenberg et al. 2010) . Moreover, NIOSH recently reported that nano sized TiO 2 is a potential carcinogen that acts through a secondary genotoxicity mechanism related to particle size and surface area (Woodruff et al. 2012) . The systematic study of physicochemical properties of NPs was done by assessing stability of TiO 2 NPs in dispersion medium, in addition to the binding affinity of TiO 2 NPs with human genomic DNA. Our DNA binding study showed that TiO 2 NPs quenched fluorescence of DNA and the binding constant obtained by the modified Stern-Volmer plot as shown in Fig. 5 (Patel et al. 2016; Zhu et al. 2007 ). Despite their widespread applications, and efforts to study the toxicological profile of TiO 2 NPs, concerns regarding their effect on DNA still prevail. Genotoxicity testing of NPs can be carried out in vitro and in vivo. In vitro studies using various cell lines have demonstrated genotoxic effects of TiO 2 NPs (Landsiedel et al. 2009; Catalán et al. 2012; Singh et al. 2009 ). It has been reported that exposure to nano TiO 2 at the genetic level could interfere with cell cycle progression at mitosis leading to chromosomal (Huang et al. 2009; Kang et al. 2008) . Although many studies report genotoxicity of TiO 2 NPs, there are few studies that show negative results, which could be due to different cytogenetic endpoints, cell types, doses, NP sizes, forms, and experimental conditions used in the study (Trouiller et al. 2009; Chen et al. 2014 ). The present work focused on the genotoxicity of TiO 2 NPs using Chromosomal aberration assay, one of the in vitro methods recommended by OECD guidelines for novel drug molecules and any compound for human safety assessment (Warheit and Donner 2010) . Recently OECD guidelines emphasized on the need for specific adaptations to the existing protocol of Chromosome Aberration assay for manufactured nano-materials (OECD 2014). Chromosome aberration assay detects the structural and numerical aberrations in proliferating cells in vitro, arrested in metaphase stage of cell division whereas Comet assay determines single and double stranded DNA damage in individual interphase cells in vitro at baseline and induced by the exposure to test compound . Thus a comprehensive assessment of TiO 2 NP induced genetic damage was done in vitro. It is important to assess the degree of DNA damage in interphase cells that may or may not divide further due to lethal effect of exposure. However, with regard to testing carcinogenic potential, it is more important to see if there is increase in number of cells carrying sublethal genetic damage, which is in the scope of in vitro cytogenetic endpoints for genotoxicity. Despite many genotoxicity studies of TiO 2 NPs reported, very few have focused on its mechanistic aspect (Catalán et al. 2012; Warheit et al. 2007; Theogaraj et al. 2007 ). Moreover, there also are very few reports regarding in vitro DNA damage using human peripheral blood (Khan et al. 2015; Ghosh et al. 2010 Ghosh et al. , 2013 Tavares et al. 2014; Catalán et al. 2012; Hackenberg et al. 2011; Gopalan et al. 2009; Turkez 2011; Kang et al. 2008) In our study, human peripheral blood lymphocyte cultures were exposed to TiO 2 NPs at the 48th hour, and harvested at the 72nd hour. Considering the average cell cycle duration 18 h, TiO 2 NPs were added at 48th hour after culture initiation, when cells were dividing asynchronously (Barch et al. 1997) . After the addition of TiO 2 NPs, cells needed to undergo S phase, in order to show aberrations. Studies have shown that chromosomal aberration is best detected when cells in culture are in their first mitotic division. A harvesting time of 1.5 cell cycles is considered to be optimum for detecting clastogens since asymmetrical structural chromosome aberrations prevent unlimited division, and therefore harvesting cells when they are in first division is crucial (Loveday et al. 1989 ). The cells with chromosome damage are more likely to experience a delay in the cell cycle and so highly damaged cells will reach metaphase more slowly than the cells with less aberrations, a possible reason for aberrations increasing with time. The results of Comet assay combined with CA assay will take into account both, aberrant cells in interphase as well as metaphase (Clare 2012) .
Therefore, at the time of harvesting, most cells will be in their first cell cycle division after exposure to TiO 2 NPs. The type of structural chromosome aberrations observed at metaphase reflects the duplication status of chromosomes in the treated cell. Chromatid type aberrations are mostly spontaneous and termed as primary aberrations resulting from chromosomal instability while the chromosome type aberrations are formed when chromatids with unrepaired aberrations duplicate following interphase. These are termed as derived aberrations. Savage in his earlier studies reported that chromatid aberrations were formed due to interference or an abnormality in chromatin replication visible after mitosis. Although lesions into chromatin could be produced at all stages of life cycle, very few aberration causing agents could produce actual structural changes in G1 stage giving rise to Chromosome type changes, while changes in S and G2 phase led to Chromatid type aberrations (Savage 1999) . Since most of the chromosome aberration inducing agents are S phase dependent, the cells with unrepaired lesions from G1 or G2 formed Chromatid type aberrations. The results of chromosome aberration assay as shown in Fig. 6 indicated the clastogenic potential of TiO 2 NPs, which can be related to the strong binding capacity of TiO 2 NPs with DNA as shown by the fluorescence measurements in Fig. 3 . This result supports the work done in our previous study (Patel et al. 2016 ). Exposure to TiO 2 NPs for 24 h in in vitro short-term culture induced a significant and dose dependent increase in frequency of structural chromosomal aberrations as compared to controls (p \ 0.05). Moreover, a significant increase in Chromatid type and Chromosomal type aberrations was observed for 75 and 125 lM when compared to control (p \ 0.0001), which was not significantly higher for 25 lM TiO 2 NP concentration. The results include gaps as an indicator of DNA damage. An earlier study has reported gaps have biological significance because they could increase the risk of loss of genetic material or could reorganize the gene expression due to their susceptibility to breakage (Paz-yMiño et al. 2002) . Higher level of Chromatid type of aberrations than Chromosome type were observed as seen in Table 3 suggesting that most of the cells were exposed to NPs in G2/M phase.
An earlier study reported that uptake of NPs is influenced by the cell cycle phase and the extent of uptake of NPs was G2/M [ S [ G0/G1. In G2/M phase the cells have not divided if it is shorter than one cell cycle, whereas in S phase, cells accumulated NPs after cell division and in G0/G1 phase cells would have just divided and therefore have no time to internalize new NPs (Kim et al. 2011; Kansara et al. 2015) . Based on the published reports regarding cellular uptake and cell cycle phases and results of our present study, we would like to hypothesize that TiO 2 NPs accumulated and induced Chromatid aberrations in the cells during the G2/M phase of cell cycle.
The Comet assay is a widely used method to detect single stranded DNA breaks at an alkaline pH in individual interphase cells (Singh et al. 2009; Olive et al. 1990 ). Amongst 24 in vitro studies for assessment of TiO 2 NP genotoxicity reported with Comet assay, 17 report positive results (Chen et al. 2014) . The results of our study show TiO 2 NPs induce a dosedependent increase in Olive Tail Moment and % tail DNA intensity (p \ 0.05). The DNA damage in interphase cells detected with Comet assay takes into account the DNA interaction with NPs that can influence the replication of DNA physically and chemically by binding to DNA.
The in vitro genotoxicity of TiO 2 NPs can result from its capacity to induce DNA damage directly by binding or indirectly by inducing ROS generation and imbalance of oxidative stress. The present report indicates that TiO 2 NPs interact directly with DNA.
Physicochemical characterization is a prerequisite for assessing the toxicity of nanoparticles therefore X-ray diffraction was done for study of structure; in addition to Dynamic Light Scattering and Zeta Potential for determining size and stability of TiO 2 NPs, respectively, in water and RPMI medium (Dhawan and Sharma 2010) . Using the DebyeScherrer equation for XRD data, the average particle size was found to be 20.25 nm, which is similar to the size obtained by TEM.
The dispersion medium of NPs influences size, contact area and morphology of NP agglomerates, therefore the corresponding NP size, stability and Surface Potential (Charge) were studied in water and RPMI medium, which helped determine extent of agglomeration, mono dispersity and stability of TiO 2 NPs. Since, preparation of stable and mono dispersed suspension is important to ensure reproducibility, reliability and relevance of NP risk and assessment studies it has been suggested that selection of dose should be done in a way that it does not exceed a limit that enhances agglomeration (Ji et al. 2010; Magdolenova et al. 2014; Nel et al. 2009; Taurozzi et al. 2013) .
Our results show TiO 2 NPs tend to agglomerate more in water than in RPMI cell culture medium. Previous studies have shown that serum proteins present in the media help in stabilizing the NPs and prevent them from agglomeration in the cell culture medium (Ji et al. 2010; Allouni et al. 2009; Tedja et al. 2012) . Thus, we can conclude that the serum containing FBS stabilizes NPs and provides better dispersion in RPMI medium than in water (Schulze et al. 2007 ). NPs have a tendency to agglomerate in solution because of van der Waal's forces; hence we observed an increase in hydrodynamic diameter in water, as compared to in RPMI medium.
Colloidal stability of TiO 2 NP in a RPMI culture medium is influenced by particle concentration, ionic strength and presence of proteins (Allouni et al. 2009 ).
Kumar et al. reported that electrostatic hydrogen binding and hydrophilic interactions affected the uptake and dispersity of NPs in addition to adsorption of proteins on surface of NPs (Kumar et al. 2011; Mandzy et al. 2005) . NPs are dispersed in the medium due to their electrostatic and surface charges. As the surface charge value skews towards zero, there is reduction in the repulsive forces between particles that keeps them dispersed, which eventually leads to particles getting agglomerated and settling down due to gravitational force (Magdolenova et al. 2014; Marucco et al. 2015) .
We carried out Zeta potential analysis to evaluate the stability of colloidal suspensions. A comparison of the Zeta potential values of TiO 2 NPs was done when dispersed in water and RPMI culture medium. The 25 and 125 lM showed decrease in Zeta potential values in water, however, 75 lM showed opposite trend. This result indicates that slightly higher zeta potential of NPs in RPMI medium thus indicating increased stability. Adsorption of proteins onto NP results in formation of protein corona around it, introducing steric hinderance between particles and thereby prevents agglomeration, increasing the stability of NPs in cell culture medium (Marucco et al. 2015) . Reports suggest divalent cations (mainly calcium) binding is a mechanism whereby serum proteins in medium adsorb to TiO 2 (Ellingsen 1991; Klinger et al. 1997) .
Studies have suggested clathrin mediated endocytosis as the mode of entry of TiO 2 NPs into cytoplasm, and the accumulation of TiO 2 NPs in the nucleus (Fröhlich 2012; Hackenberg et al. 2010; Shukla et al. 2011) . Chromosomal aberration assay results show that majority aberrations are of chromatid type, indicating NP interaction with genetic material during G2/M phase with an increased possibility of direct contact with DNA during mitosis when the nucleus envelope breaks down. Earlier studies have reported that NPs having a high affinity for DNA and which can bind to it are capable of strongly inhibiting DNA replication in addition to changing the normal conformation of DNA molecules, leading to genotoxicity (Li and Zhao 2013; Li et al. 2013; Zhang et al. 2011) .
Results obtained by the present study indicate that TiO 2 NPs are clastogenic causing DNA damage and are therefore genotoxic to human lymphocyte cultures at 25, 75 and 125 lM, when exposed for 24 h. Although there exists DNA repair mechanisms, if erroneous repair and extensive DNA damage due to NPs takes place, there can be a possibility of mutation that would eventually lead to cell transformation, indicating genotoxicity testing is imperative for nanoparticles (Huang et al. 2009 ).
Conclusion/summary
We report in vitro genotoxicity of TiO 2 NPs at 25, 75 and 125 lM in short term cultures of human peripheral blood using Chromosomal aberration assay and Comet assay specifically adapted for nanoparticles as a test compound, along with the mechanistic study.
The frequency of chromosomal breakage and DNA damage in terms of % tail DNA intensity and Olive Tail moment at 75 and 125 lM concentrations was found to be significantly higher as compared to control. The nano form of TiO 2 NP in culture was observed by dispersion and stability studies, which revealed better dispersion in RPMI medium as compared to water. The mode of genotoxicity was found to be due to direct effect, based on the in vitro DNA binding study that showed strong binding affinity of TiO 2 NPs with human genomic DNA, in addition to negative free energy value, which indicated spontaneous binding. Further in vivo studies are required for assessing genotoxicity potential at comparable concentrations and physicochemical parameters of NPs. 
